Optical nanoscale technologies often implement covalent or noncovalent strategies for the modification of nanoparticles, whereby both functionalizations can affect the intrinsic fluorescence of nanoparticles. Specifically, single-walled carbon nanotubes (SWCNTs) can enable real-time imaging and cellular delivery, however, the introduction of SWCNT sidewall functionalizations attenuates SWCNT fluorescence. Herein, we leverage recent advances in SWCNT covalent functionalization chemistries that preserve the SWCNT's pristine surface lattice and intrinsic fluorescence, and demonstrate that such covalently-functionalized SWCNT can enable fluorescence-based molecular recognition of neurotransmitter and protein analytes.
Introduction
Nanomaterials are synthetic particles that have been leveraged for biological applications such as imaging, gene or drug delivery, and therapeutics. 1, 2 Nanomaterials offer several advantages over biological materials owing to their tunable physiochemical properties enabling the manipulation of nanoparticles with different chemistries to create multiple functionalities on a single particle.
In particular, single-walled carbon nanotubes (SWCNTs), have been used as cellular delivery vehicles, fluorescent nanosensors, and implantable diagnostics. [3] [4] [5] [6] Covalent and noncovalent SWCNT surface modifications enable their use as delivery agents and as nanosensors: covalent chemical functionalization has been used to add synthetic handles to attach cargo useful for molecular recognition and targeted delivery [7] [8] [9] whereas noncovalent chemical functionalization is a preferred approach for sensing applications. As with many other classes of nanoparticles, chemical functionalization of the SWCNT surface will often affect the nanoparticle's various photonic, physical, and material properties.
SWCNTs have been an attractive class of nanomaterial for sensing applications, owing to the unique near-infrared fluorescence of SWCNTs in the short wavelength infrared range of ~1000-1300 nm. This region of near-infrared fluorescence is optimal for biological imaging as it is minimally attenuated in biological tissues via reduced scattering and adsorption of photons. 10, 11 For SWCNT use as molecular nanosensors, it is necessary to preserve the intrinsic near-infrared fluorescence of SWCNT that arises from Van Hove transitions that result from the density of states of the SWCNT lattice. 12 This fluorescence has been leveraged to develop a class of nanosensors that undergo fluorescence modulation upon selective binding of bioanalytes such as neurotransmitters, reactive nitrogen species, metabolites, peptides, and proteins through a phenomenon termed corona phased molecular recognition (CoPhMoRe). [13] [14] [15] [16] [17] [18] While SWCNTbased nanosensors generated with CoPhMoRe have shown recent success for imaging analytes in vivo 6, 19, 20 , and for imaging neuromodulation in acute brain slices 21 , their use has involved undirected biodistribution of SWCNTs in the tissue under investigation. For the purposes of tissue-specific or targeted sensing, inclusion of targeting moieties such as aptamers or proteins can be achieved via their covalent attachment to SWCNT surfaces. However, given that covalent modifications to SWCNT often compromise their intrinsic fluorescence, to-date, simultaneous covalent and noncovalent functionalization of the SWCNT surface for sensing applications remains an outstanding challenge.
Challenges for simultaneous covalent and noncovalent functionalization of fluorescent SWCNT arise from surface defects created by covalent reactions. When the sp 2 hybridized carbon lattice of the SWCNT surface is disrupted via covalent modification, often non-radiative exciton recombination predominates, attenuating or obliterating SWCNT fluorescence which compromises the fluorescent readout of the SWCNT-based nanosensor. 22 Mild covalent SWCNT modifications via defect engineering do enable creation of controlled sp 3 defects that modulate the SWCNT bandgap, resulting in a defect-based fluorescence red-shifted in the SWCNT fluorescence. 23, 24 Additionally, recent developments in SWCNT chemistry have established a covalent functionalization reaction that rearomatizes defect sites to retain the pristine SWCNT lattice and intrinsic fluorescence, while enabling covalent surface functionalization of SWCNT. 25 This development could enable synergistic combination of covalent and noncovalent functionalization strategies to confer multiple functionalities to SWCNT-based technologies, such as theranostics, targeted fluorescence imaging, and towards understanding the fate of functionalized SWCNTs upon cellular delivery.
Herein, we combine covalent and non-covalent SWCNT functionalizations to study the effects of covalent SWCNT modification on CoPhMoRe-based SWCNT nanosensors that rely on noncovalent functionalization for sensing. We synthesized and characterized several SWCNTs with different covalent surface modifications subsequently functionalized with noncovalent coatings for downstream use as fluorescent nanosensors. We showed how the addition of surface groups impacts both the fluorescence and analyte response of certain CoPhMoRe-based SWCNT nanosensors. We further demonstrate how the addition of charged chemical functionalizations affects the corona formation and overall SWCNT assembly stability. We combined these findings to create a dual functional SWCNT with targeted recognition and fluorescence sensing capabilities.
Results and Discussion
We generated defect-free covalently functionalized SWCNTs as previously reported 25, 26 by performing a chemical rearomatization reaction using unfunctionalized HiPCO SWCNTs (pristine-SWCNT) and cyanuric chloride to produce triazine-functionalized SWCNT at low and high labeling density denoted Trz-L-SWCNT and Trz-H-SWCNT, respectively. Trz-H-SWCNT were further functionalized through nucleophilic substitution of the chlorine on the triazine with a primary amine to create a library of surface functionalizations at positions denoted by variable R groups ( Fig. 1a and 1b ). In this manner, we reacted Trz-H-SWCNT with cysteine to form thiol-functionalized SWCNT (SH-SWCNT) to create our initial SWCNT library. We next assessed the impact of the triazine and thiol covalent SWCNT surface functionalizations on the performance of CoPhMoRe nanosensors generated from Trz-L-SWCNT, Trz-H-SWCNT and SH-SWCNT ( Fig. 2a ). We tested several previously-reported SWCNT-based nanosensors to image dopamine, fibrinogen, and insulin. Specifically, when noncovalently adsorbed to the surface of SWCNT, DNA oligomers (GT)15 and (GT)6 form known nanosensors for dopamine 13, 27 , DPPE-PEG5K phospholipid for fibrinogen, and C16-PEG2k-Ceramide phospholipid for insulin. 17, 28 To generate each nanosensor, we induced noncovalent association of the SWCNTs with each coating through π-π aromatic stabilization and hydrophobic packing using probe-tip sonication or dialysis as previously established (see methods for more details).
We prepared dopamine, fibrinogen, and insulin nanosensors with both pristine and functionalized SWCNT. We confirmed the findings of previous literature that Trz-L-SWCNT,
Trz-H-SWCNT and SH-SWCNT covalently-functionalized SWCNT retain their intrinsic optical
properties when dispersed with their respective surfactant, phospholipid, or polymer coatings, prior to assessing their use as fluorescent optical nanosensors ( Fig S1, Fig S2) .
By comparing the performance of nanosensors generated from pristine vs. functionalized SWCNTs, we quantified functionalization-dependent fluorescence performance of nanosensors upon exposure to their respective analytes of dopamine, fibrinogen, and insulin ( Fig. 2b ). We To further probe the effect of steric contributions to CoPhMoRe corona formation, we tested the nanosensor response of DPPE-PEG5k-SWCNT fibrinogen nanosensors. We expect that the adsorption of DPPE-PEG5k phospholipids to covalently-functionalized SWCNT will be unhindered relative to the steric hindrance exhibited by ssDNA ligands. 30 We next investigated how the intrinsic properties of the covalent functionalization, such as charge, affect the formation of noncovalent coatings on the SWCNT surface. We generated SWCNTs with a positive charge through covalent addition of ethylenediamine (NH2-SWCNT) and, separately, SWCNTs with a negative charge through covalent addition of glycine (COOH-SWCNT) to the triazine handles of Trz-H-SWCNT (Fig. 3a) . We confirmed the generation of these charged SWCNTs through X-ray photoelectron spectroscopy and Fourier-transform infrared spectroscopy ( Fig. S3 and S4) . We sought to see if the (GT)15-SWCNT dopamine nanosensor yields and the (GT)15 coating stability would be affected by the surface charges. We show that the yield of (GT)15 coated SWCNTs is highest for the positively charged NH2-SWCNTs (Fig. 3c) , as expected given the negative charge of (GT)15 (Fig. S5) To show that the charge properties of NH2 and COOH covalently functionalized SWCNT can be retained, we suspended COOH-SWNT, NH2-SWCNT, and pristine SWCNT with a neutral (uncharged) phospholipid. The zeta potentials, the electrokinetic potential in the interfacial double layer of a colloidal suspension, were measured for the above three SWCNTs with C16-PEG2k-ceramide. C16-PEG2k-ceramide coated COOH-SWCNT (-23.8 mV ± 0.501, mean ± SD) showed the most negative zeta potential whereby C16-PEG2k-ceramide coated NH2-SWCNT (9.38 mV ± 0.446, mean ± SD) showed the most positive zeta potential as compared to C16-PEG2k-ceramide coated pristine-SWNT (-20.1 mV ± 0.468, mean ± SD) ( Fig. 3c, Fig. S6 ). We repeated this experiment with a negatively charged (GT)15 polymer coating instead, and measured the zeta potentials for pristine-SWCNT (-55.0 mV ± 3.69, mean ± SD), COOH-SWCNT (-70.39 mV ± 5.33, mean ± SD), and NH2-SWCNT (-73.1 mV ± 2.54, mean ± SD). As expected, all complexes showed a more negative surface charge than the complexes formed with the C16-PEG2k-ceramide coating (Fig. 3d, Fig. S6 ). Tuning of intrinsic properties of SWCNT surfaces might be helpful for cellular delivery applications where charge is a driving factor for nanoparticle internalization and subsequent cytotoxicity. 32 Finally, we tested the use of covalent functionalizations to provide additional function to optical SWCNT nanosensors. Covalent attachment could be used for the addition of molecular recognition elements such as antibodies and nanobodies, targeting modalities, and therapeutics. 6, 33 We explored this dual-functionality of SWCNT through the attachment of biotin as an affinity pair with avidin ( Fig. 4a ). Biotin is known to form very strong affinity bonds with the avidin protein and its analogues such as neutravidin and streptavidin. 34 We generated Biotin- The black line denotes the average fluorescence trace with microscopic regions of interest denoted by the gray lines.
We performed an affinity assay with streptavidin-coated magnetic beads to verify the attachment of biotin to the SWCNT surface. A significantly higher amount of (GT)15-Biotin-SWCNT remained bound to magnetic beads (23.0% ± 4.0, mean ± SD) than pristine-SWCNT (0.1 % ± 5.0, mean ± SD) (Fig. 4b) . The attachment of biotin to SWCNT was further validated through atomic force microscopy (AFM). AFM was used to measure the presence of avidin protein along the length of individual (GT)15-Biotin-SWCNT ( Fig. 4c ). 58.9% of (GT)15-Biotin-SWCNT (66 out of 112 SWCNTs) as compared to 38.8% pristine (GT)15-SWCNT (19 out of 49 SWCNTs) appeared to bind neutravidin protein (Fig. 4d ). Lastly, we tested the ability to use (GT)15-Biotin-SWCNT for dopamine imaging. (GT)15-Biotin-SWCNT were deposited onto a microscope slide surface-functionalized with a neutravidin monolayer, and exposed to 25 µM dopamine. As shown in Figure 4d , exposure to dopamine generated an integrated fluorescence response ΔF/F0 = 0.8658 ± 0.1986 (mean ± SD), suggesting that SWCNT that are dual-functionalized with both covalent handles and non-covalent polymeric ligands can be used for analyte-specific imaging applications. Taken together, these results suggest the potential of using covalent functional groups on SWCNT for multifunctional applications.
Conclusions
We generated and characterized the properties of optically-active covalently functionalized SWCNTs for use as fluorescent nanosensors. Comparisons of covalently functionalized SWCNT to pristine-SWCNT showed that the introduction of chemical handles could impact a SWCNT-based nanosensor response to its analyte, depending on the structural perturbation of the noncovalent polymer adsorption in corona formation. Nanosensors generated with long amphiphilic polymers showed the greatest analyte-specific fluorescence response attenuation following covalent addition of chemical handles on the SWCNT surface, whereas nanosensors generated from phospholipid-based coronas did not exhibit analyte-specific fluorescence 
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